Evaluation of the technical condition of the "fryderyk" adit in tarnowskie góry for the purpose of eventual revitalization Ocena stanu technicznego obudowy sztolni "fryderyk" w tarnowskich górach pod kątem jej docelowej rewitalizacji Abstract The "Fryderyk" adit (renamed 'Kościuszko' after World War II) is the last adit built in the area of Tarnowskie Góry, and was supposed to provide drainage for the area of exploitation of the "Fryderyk" mine. After the shutdown of the mine, the adit gained an important role in the water management of the area. The water from nearby sources flows into the river Drama through the adit. The long period of the adit' s existence and the processes occurring in its area have caused a progressive process of support degradation, which increases the danger of a loss of stability and a collapse of the roof. Allowing the collapse of the adit' s roof may cause surface depressions. The article presents the research results that show an evaluation of the technical condition and safety degree of the support for future failure-free usage. A range of activities that are meant to stop the natural degradation of the end section of the adit has also been suggested.
Introduction
Execution of the works related to the revitalization of historic underground structures requires a consideration of three mutually interlocking issues, namely:
▶ historical assets of the heading and taking care to minimalize the impact of corrective actions on its final state, ▶ state of the rock mass in the vicinity of the heading, including the possibility of discontinuous deformations on the surface, ▶ the condition of the support in the analyzed heading, taking into account environmental factors affecting its state. The proposed corrective measures to counter further degradation of the heading should be the least possible impact on its historical appearance and also stop the process of natural degradation of the heading.
This problem is illustrated with the example of the "Fryderyk" adit in Tarnowskie Góry. To solve the task based on the results of research, which assessed the properties of rocks and the rock mass in the vicinity of the heading, the technical parameters of the support had to be obtained and an analysis of its stability had to be performed. The analysis of the stability of the heading is based on the probabilistic analysis of structural elements taking into account the variability of the parameters characterizing the structure and the rock mass, the variability of the cross-sectional dimensions of the heading and of its support. A classification of the conditions for maintaining the stability of the heading on each of its segments was carried out on the probability of loss of stability. The analysis was the basis to determine the necessary actions that had to be taken in order to stop the degradation of the heading, taking into account natural, technical, economic and historical conditions.
General characteristics of the "Fryderyk" adit
Ore mining in the region of Garb Tarnogórski was conducted since the beginning of the sixteenth century and was continued intermittently until the 1930s. Mines in the area of Tarnowskie Góry managed the water threat in two ways: either by removing water with the use of various types of treadmills and pumps or by gravity drainage of the adit tunnels by the means of drainage systems. The first tunnels in this area were drilled at the beginning of the sixteenth century.
The "Fryderyk" (Kościuszko) adit (its historical name is Tiefe Friedrich Stollen, which means "deep tunnel Frederick") is the last of eight tunnels built in the area of Tarnowskie Góry. It transported water from the following ore mining fields: Sztolniowy, Miejski, Suchogórski and Bobrownicki, which belonged originally to the mine called "Fryderyk": After World War II, the name of the adit was changed to "Kościuszko".
The outlet tunnel is located in the valley of the Drama river, east of the village of Zbrosławice. The adit spreads for about 880 m to the west, joining with river Drama. The outlet part of the underground tunnel included a classical sandstone brick gate ( Fig. 1 ). The total length of all parts of the "Fryderyk" adit is approx. 4568 m, while the analysis includes 1275 m ( Fig. 2 ). Fig. 2 . The adit course, as based on the "Karte des Oberschlesischen Erzbergbaues" map from 1912 [12] The entire length of the heading has a support made of arched, natural stone masonry (carbonate rocks). The roof with an arrow of f = 0.5 m is based on simple sidewalls with a height ranging from approx. 1.9 m to approx. 2.3 m. The thickness of the support was measured at the sidewalls, in brickwork cavities, and was approx. 0.3 m.
In places where preventive work was conducted as a result of failure, parts of the support were made from brick on concrete mortar and concrete. These enclosures were built in tunnels after 1945 and have no historical assets. The initial section of the tunnel with a length of about 110 m, azimuth 77°, is made in a masonry stone case with hewn stone on lime mortar. The section of the tunnel that collapsed in August of 2008, at a length of about 3m, does not have a concrete structure, as it was reconstructed only with the use of wooden supports. At a distance of about 4 meters from the place where the roof collapsed, a concrete support was built. In 1962, a cave-in occurred in this place and was later secured with a concrete support laid behind the shoring. There are also traces of wooden shoring planks. In that section, the dimensions of the tunnel are: width of 1.75 m and a height of 2.75 m.
Geological and mining characteristics in the aforementioned section of the adit
The aforementioned section of the "Fryderyk" (Kościuszko) tunnel is located in the central part of Garb Tarnogórski.
The rock mass is permeable; therefore, numerous break-ins of water and quicksand occurred during the drilling of the heading. According to the available sources, the first 60 m of the tunnel were built using the opencast method. The overburden layer in this section has a thickness of 2 to 6 meters.
Along the adit, the tunnel can be divided into sections distinguishable as being made in the quaternary sediments and limestone ( Fig. 3 ).
Quaternary deposits are developed in the form of layers of fine yellow and brown sand, light grey silt and clay.
Limestone lies underneath the quaternary sediments, with variable strength properties and different fracturing. 
Evaluation of the technical condition of the support in the "Fryderyk" (Kościuszko) adit
The macroscopic evaluation of the technical condition of the support showed that: ▶ along the entire length of the heading, the support is made of masonry vaulted natural stone. The arrow of the roof with f = 0.5 m is based on simple sidewalls with a height ranging from approx. 1.9 m to approx. 2.3 m. The thickness of the support measured at the sidewalls is approx. 0.3 m. Generally, the height of the support measured at the water level is approx. 1.2 m, and at the level of the heads of the sidewalls, it is approx. 1.3 m. The height of the heading grows from approx. 2.4 m in the inlet to approx. 2.8 m at a distance of approx. 1000 m. It was noted that, at short distances, the heading slightly changes its size, with the support expanding to approx. 1.75 m of height or reduces to approx. 1.9 m of height while narrowing to approx. 1.0 m, ▶ it was found that damages to the support vary along the adit, ▶ within the distance of 0-45 m from the Miners' Gate, there are losses in brickwork and mortar in the joints, loosened parts of the support and its deformation. In this section, there is a damage zone with a collapsed part of the tunnel, which was rebuilt with a wooden support ( Fig. 5 ), ▶ the sections between 45-118 m, 126-143 m, 156-158 m, 632-739 m, 761-788 m, 969-979 and 1149 to 1163 meters from the Miners' Gate show earlier repairs of the support through its partial replacement with a masonry brick or monolithic concrete support. There are also a lot of biological contaminants -roots piercing the support, washing of the mortar joints by old water leaks, loosened parts of the support and washing of the sidewalls of the support (Fig. 6 ), ▶ the sections of the tunnel between 118-126 m, 143-156 m, 158-632 m, 739-761 m, 788-969 m, 979-1149 and 1163 to 1268 meters from the Miners' Gate show small losses of the support material, infiltration of salt, small flows of water, etc., which currently do not threaten the stability of the heading (Fig. 7) . In order to determine the capacity of the support, material samples were taken from the wall. Petrographic studies showed that the rock from which the sample is made has carbonate origin: limestone with clear stratification planes. The cross-sections taken during sample cutting for strength testing showed horizontal slit aperture of about 0.1 mm filled with secondary mineral association with clearly dark yellow and rusty colours. Moreover, an individual focus of about 2-5 mm quartz grains is also visible ( Fig. 4 ). Limestone masonry samples taken from the support were used for strength tests. The study was conducted in accordance with PN-G-04303:1997. Test specimens were prepared in the shape of a cuboid with a square base having a side of 42 mm and a slenderness ratio equal to 1 and 2 to respect the limit of tolerance. Crosshead speed of samples was assumed to be the same as for strong rocks -equal to 1.0 MPa/s. Figures 9 and 10 show photographs of selected samples in the testing machine, taken prior to the commencement of the tests and after the destruction of the sample.
The design value of the compressive strength and the coefficient of variation for the test material was determined according to PN-B-03020:1981. Building land. Direct foundation of the building.
In the summary of the results of research strength of the support of the heading, it was found that:
▶ The average design value of the compressive strength of the tested support of the heading is 3.22 MPa, ▶ The test proved the occurrence of local corrosion related mainly to places with water leaks behind the support; losses caused by corrosion did not usually exceed 10 mm and are not dangerous for the structure of the support, ▶ The excavation has numerous zones of heterogeneity within the structure of the support wall, related to losses of mortar in the joints, causing reduction of structural integrity, and thus decrease in its mechanical properties. 
Assessment of the impact of the rock mass on the support of the heading
In case of the analyzed adit, the amount of stress in the surrounding rock mass was determined assuming a variation in its cross-sectional dimensions and changes in the strength and deformation properties of the rock mass, as well as the stress resulting from the depth of the excavation, taking into account natural and mining factors.
The impact of the rock mass on the support of the analyzed heading was assessed while having taken the following assumptions: ▶ due to the location, it was assumed that the excavation is located at a depth of about 24 m, ▶ the analyzed heading is protected with a support of variable dimensions, ▶ the calculations take into account the variability of stress arising from varying dimensions of the exposed roof and the conditions taking into account the stress concentration zones, ▶ the load of the support and the forced displacement of the heading contour were determined without taking into account the effect of mining activities, e.g. exploitation and rock mass tremors. Taking into account the above assumptions to distinguish the models of stress and deformation forces in the rock mass in the vicinity of each of the analyzed sections of the excavation, calculations of the load were carried out at the points located along the heading, according to the rules specified by PN-G-05020:1997.
The results of the calculations are presented in Table 1 . Table 1 . Examples of the results of calculations of the adit support stress (cross-sections according to Fig. 4) [10] 
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Assessment of capacity of the support structure, taking into consideration its current technical condition
While shaping models of the support structure for each section of the heading, it was assumed that:
▶ strength parameters of the materials of which the structure of the heading was made correspond to the results of the conducted studies, ▶ because of the age of the heading, it was assumed that cement and lime mortar of class M1 was used to connect the bricks of the support, ▶ the calculation was based on the assumption that the average thickness of the wall of the support tunnel is 0.3 m, ▶ strength parameters and deformation of the wall in the structure of the support correspond to the results of the conducted studies, ▶ the calculations were made assuming the least favorable load conditions, ▶ the method and the amount of the load on the analyzed segments of the support were adopted in accordance with paragraph 4. A simplified model of the heading with a highlighted load diagram is shown in Figure 11 . Fig. 11 . A simplified heading stone support model with distinguished load schema: a) numerical projection of a fragment of the existing support on the heading section, b) schema of adopted support load in sections made in rocks, c) schema of adopted support load in sections made in quaternary sediments
Having developed those numerical models, the internal forces and the reduced stresses in the elements of the support were calculated with the use of the Autodesk Robot Structural Analysis Professional 2016 software package.
On the basis of the results of numerical modelling, the degree of security of 90 individual support segments of the analyzed heading was assessed. For this purpose, an indicator of exhaustion of structural load sections was used as expressed with a rate of exhaustion of its cross-section. The structure is considered to be safe if the ratio reaches a value of less than 1. The method of load calculation of the support used in this case and the simplified static diagram indicate that the structural elements of the support are mainly subject to compressive stress ( Fig. 12 and 13 ). (Fig. 4) , b) in cross-section B-B' (Fig. 4) , c) in cross-section D-D' (Fig. 4) 
a) b) c)
On the basis of the results of numerical modeling and the analysis of the technical condition of individual support segments of the analyzed heading, it was assumed that the degree of exhaustion of the most stressed cross-section amounts to: In summary, the calculation concluded that the assumptions made for the support meet the criterion of safety in view of the load-bearing capacity of the structure. The values of coefficients calculated for the sections of the heading made in the hard rocks leave a much higher safety margin than those calculated for hollow sections in the quaternary sediments.
Factors influencing the course of natural deterioration of the end section of the "Fryderyk" ("Kościuszko") adit
It is assumed that the static load of the support due to overburden rocks (the weight of the rocks in the zone stressing the support of the heading) and the hydrostatic pressure of water in the subsurface have the primary impact on the supports located at a small depth. In case of the analyzed "Fryderyk" (Kościuszko) adit sections in the area of the Miners' Gate, the main external factors may include: ▶ construction works in the area of the adit, ▶ changes in vegetation on the surface, ▶ variable water flow in the tunnel and its surroundings, ▶ the impact of weather conditions. However, having assumed a shallow retention of the heading, one must reckon with the possibility of additional impacts indirectly related to the rock mass. Those interactions include: ▶ geostatic increase in the stress caused by water conditions in the soil layer, ▶ geostatic increase in the load due to other elements stressing surface directly in the vicinity of the heading, ▶ the occurrence of dynamic ground vibration caused by seismic activity, mining or transport. There are no buildings along the analyzed section of the adit; the area is covered with grass, shrubs and trees. For a long time, the surface of the adit was used as a grassy meadow. In recent years, the meadow turned into a forest, which means that plants growing over the area have larger root structures that may penetrate the support (especially in the joints of the wall made of a material which is easy to chip), causing its degradation.
One of the decisive factors influencing the conditions of maintaining the stability of the adit may be construction works, for example, of a well situated virtually adjacent to the tunnel. These works led to a clear interference in the environment of the adit, through the execution of a new, vertical subsurface excavation, which had an impact on the adit -a sided unveiling of the support affecting the previously established balance in the soil. The stability of the support tunnel may also be influenced by weather conditions, especially precipitation and its impact on changes in the properties of the soil and load conditions of the support. An increased inflow of the soil as a result of precipitation and a runoff because of the drainage of the area due to the existence of the adit may also facilitate the process of suffosion, which may result in loosening of the ground. Due to the shallow depth of the location and the direct connection of the tunnel to the surface, one cannot also exclude the process of cyclic freezing and thawing of the land and of the support.
Assessment of risk to the surface and its infrastructure in case the support of the adit loses its stability
The fact that the heading has a shallow location in its initial section, as measured from the outlet tunnel, had a decisive influence on the increased risk of the possibility of discontinuous deformations on the surface. The possibility of such a threat was confirmed during fieldwork in a form of sinkholes. The first appeared in 1962, and the second in 2008. After a visit to the site, it was found that both sinkholes appeared as results of breakages in roof sections of the support. The sinkhole of 1962 is now partially buried and the support tunnel in this section is restored; however, the sinkhole from 2008 is only protected by wooden cabinet anchors and the area around the sinkhole is fenced and marked as a danger zone.
It can be assumed that the sinkholes generate voids located at a depth of up to 100 m. Those voids are often associated with tunnel headings that were improperly eliminated or left in its natural state [6] .
For the purpose of estimating the probability of sinkholes as a result of loss of stability of the inlet section of the tunnel support, the Chudek-Olaszowski method was used [3] . The analyzed section of the tunnel runs almost horizontally at a depth of 0 to 25 m counting from the roof of the heading.
The heading was dug in the layers of sand, loam or clay, as well in the roof section of the dolomite layer, which is residual beneath the overburden. Taking into account the above information and including the depth of the heading, it should be explicitly stated that a possible collapse in the area would include the loose layer of overburden.
Thus, in the light of the Chudek-Olaszowski method, a loss of stability of the support of the heading would, beyond any doubt, result in an appearance of a sinkhole on the surface. The sinkhole would appear in the area where the loose overburden is located. Therefore, the area should be classified as D category.
Assessment of the safety of the support in the analyzed section of the adit
Underground headings used over a long time, especially when the access to them has been cut off for a significant time, usually have supports with a large and often very uneven degree of technical wear. In this situation, load-bearing capacity of the support can be treated as a random variable with a certain probability distribution or a certain range of variation. Similarly, the state of the rock mass in the vicinity of the heading with a long-term existence is progressive and the degradation is often very different in each section. In this case, the parameters describing the current state of the rock mass can also be treated as random variables with a certain probability distribution or range of variation. Assuming that the parameters determining the stability of the historic underground headings are random variables, it is advisable to use a probabilistic method to analyze the stability of the excavation.
In theory of reliability and security of structures based on a probabilistic analysis, the measure of reliability may be the likelihood of loss of stability. The size of the probability of impact is influenced by the so-called safety margin (the difference in the capacity of the structure and its load) and the variance of basic data to determine the stability of the heading.
The evaluation of construction safety is a solution to a two-stage probabilistic approach based on the assumption that the failure condition can be written as:
Z 0 -safety margin, P 0 -capacity of the support, q 0 -load of the support. The Cornell's reliability index (t) is assumed to be a measure of safety: where: s P0 , s q0 -standard deviation of capacity and load of the support. The value of the cumulative distribution coefficient reliability p(t) is the probability of the safety of the structure, while the value [1-p (t)] is the probability of failure of the structure (loss of stability of the support).
In this method, the conditions of reliability and safety are used, such as:
p -probability of the loss of stability, p a -accepted level of probability of the loss of stability. One of three classes of conditions for maintaining stability of a heading can be distinguished on the basis of the relationship between the behavior of the headings and the probability of the loss of their stability, namely:
Class I -p ≤ 0.10 -safe conditions, Class II -0.10 < p ≤ 0.35 -sufficient conditions (acceptable), Class III -p > 0.35 -dangerous conditions (unacceptable). In order to safely meet its technological requirements, a corridor heading should be classified as Class I. Conditionally, it is permitted to qualify for Class II, but in this case its supervisor should be ready to carry out repair works or limit the scope of its use.
Using the results of the measurements of the actual thickness of the support, the strength of its bricks and their statistical analysis, the calculations of the current capacity of the support were carried out.
Having considered the overburden of the support and its load-bearing capacity as random variables with normal Gauss distribution of probability, the probability of the loss of stability along the support tunnel was determined. The calculations were made taking into account the variability of the load and the capacity of the support along the tunnel, therefore dividing it into sections characteristic in terms of the support capacity and the size of the projected load. The results of the calculations are presented in Fig. 14. In reference to the calculations carried out above the classification, it can be said that the following tunnel sections can be distinguished along the length of the tunnel:
Class 
Summary
Summarizing the results of the study, it can be concluded that the support tunnel "Fryderyk" (Kościuszko) in its final section to the outlet in Ptakowice shows a varying degree of technical wear. The conditions affecting its state are mainly the following:
▶ long life of the heading, ▶ low quality support (mortar quality, accuracy, performance, etc.) ▶ the adverse impact of the environmental factors -exposure to water, vegetation and other living organisms, etc., ▶ lack of maintenance and repair of the support. On the basis on the conducted field research and performed calculations of the static strength of the support and the size of the load, while taking into account the impact of natural factors on the process of degradation of the support tunnel, the scope of necessary actions required in order to halt the natural degradation of the final section of "Fryderyk" (Kościuszko) was defined. These measures are grouped into four blocks of problems:
▶ practical measures needed to secure the endangered tunnel sections, ▶ research and technical expertise, ▶ design works (technical and technological projects) ▶ organizational activities.
Practical measures needed to secure the endangered tunnel sections: ▶ immediately take corrective action and protect the tunnel sections at risk of losing stability, observations of the behavior of the tunnel support and maintenance works should be carried out in the other sections, ▶ existing sinkholes should be secured before their further development advances. Research and technical expertise should aim to: ▶ prepare updated geological documentation for the surroundings of the adit ▶ prepare basic geological and mining documentation, ▶ commence studies on the structure and properties of the rock mass, ▶ determine the impacts and environmental risks. The basic design works should include: ▶ a utilization project for "Fryderyk" (Kościuszko) adit in terms of its further use. ▶ a technical design of extensive reconstruction of the final section of "Fryderyk" (Kościuszko) adit within the area of about 50 m from its inlet. ▶ a technological plan for the repair of the support and securing the adit. ▶ detailed documentation specifying the method and technology of repair of the damaged support sections. The organizational measures should focus on: ▶ determination of the administrator of the adit, ▶ determination of the legal grounds for the functioning of the adit, ▶ determination of the boundaries of the area and the mining land, ▶ solution of the problem of land ownership.
